Carbon nanotubes (CNTs) are fibrous particles with nanoscale diameter and microscale length. CNTs have unique physical and chemical characteristics, and the study and development of these particles is ongoing in various fields[@b1][@b2][@b3][@b4][@b5][@b6]. For example, CNTs have already been used in the electrodes of lithium batteries and displays because of their superior electrical properties[@b7][@b8][@b9], as well as in tennis rackets and golf clubs, to take advantage of their good mechanical properties. Furthermore, applications in airplanes and motor vehicle parts are expected in the future[@b10][@b11]. In the medical field, the use of CNTs as biomaterials has been extensively studied in recent years[@b12][@b13][@b14]. CNTs have been reported to be an excellent scaffold material for bone and nerve regeneration[@b15][@b16][@b17], and studies examining the efficacy of combining CNTs with existing implants as a reinforcement to improve their mechanical strength and durability are ongoing[@b18]. CNTs also have applications in cancer therapy, including in drug delivery systems and cancer cell imaging, and the ability of CNTs to absorb electromagnetic waves make them suitable for use in hyperthermia in cancer[@b19][@b20].

Because of their expected applications in various fields, such as those described above, the biological safety of CNTs has been studied worldwide. However, most previous studies have examined the inhalation of CNTs, as this provides the most convenient method of internalization, and studies on the safety of the inhaled particles are urgently required[@b21][@b22][@b23]. Because CNTs have a long, thin, fibrous structure similar to that of asbestos, which can cause malignant mesothelioma when inhaled into the lungs, CNTs have been suspected to have carcinogenic properties[@b24]. Various studies examining this possibility have been performed[@b25][@b26][@b27][@b28]; because the results have shown that CNTs and asbestos have different safety characteristics, a different standard value for the safe inhalation of CNTs has been proposed[@b29][@b30].

As opposed to inhalation, the application of CNTs as a biomaterial requires completely different evaluations of safety. Such evaluations include implantation tests, cytotoxicity tests, carcinogenicity tests, and in vivo pharmacokinetic studies[@b31]. Although some evaluations of the safety of CNTs when used as a biomaterial have been published in the last several years, the number of these reports is quite small compared to that for inhalation[@b32]. The carcinogenicity of CNTs is the most important issue to be addressed when considering them as a biomaterial, and tests using experimental animals are important for studying carcinogenicity in humans. However, to the best of our knowledge, no evaluations examining the implantation of CNTs in transgenic animals with increased susceptibility to carcinogenic substances have been performed to date.

The most representative transgenic mouse models with increased sensitivity to carcinogens are the p53^+/−^ and rasH2 mouse models[@b33]. While rasH2 mice have been used in previous carcinogenicity studies on biomaterials, these tests examined solid materials, and no study involving particles has been performed to date. The positive and negative controls used for the evaluation of solid materials are *N*-methyl-*N*-nitrosourea (MNU) and high-density polyethylene[@b34]. However, while MNU can be used as a positive control when evaluating the carcinogenicity of particles, a reference standard of particles that have been established to have no carcinogenicity should be used as the reference negative control[@b26].

Asbestos is often used as a control material in carcinogenicity tests of CNTs. However, asbestos is only an appropriate control in inhalation tests, and is not appropriate as a control for the carcinogenicity of implantable materials because it has never been used as a biomaterial. As toxicity due to inhalation and implantation are completely different, it is not possible to evaluate the carcinogenicity of CNTs using asbestos as a reference. We therefore applied carbon black, which is used as a black tattoo ink and has been histologically proven to have no carcinogenicity to the human body, as the most appropriate reference for evaluating the carcinogenicity of CNTs used as biomaterials[@b35] in this subcutaneous administration study using rasH2 mice. Our results have important implications on further studies examining the applicability of CNTs as a biomaterial.

Results
=======

CNTs, reference material and positive control
---------------------------------------------

The CNTs used for evaluation were multi-walled CNTs (MWCNTs) (VGCF-S; Showa Denko, Tokyo, Japan) with a mean diameter of 100 nm, mean length of 10 μm, and a \>99.9% carbon content; they were manufactured by chemical vapor deposition. Sterilization was performed by autoclaving at 121°C for 15 min. Tween 80 (Polysorbate 80; NOF, Tokyo, Japan) was used as a surfactant to disperse the MWCNTs uniformly in solution.

The shape of precipitated solid contents obtained by drying commercially available black tattoo ink (Sumi-Black; Unique Tattoos, Subiaco, Australia) was nearly uniform, with a diameter of 30--50 nm. The tattoo ink particles contained 99.57 wt% C and 0.43 wt% Na, with no other element being detected. Comparative Raman and transmission electron microscope studies showed that the black tattoo inks were composed of nano-sized carbon black particles. Therefore, the carbon black particles from the black tattoo inks were used as the reference material[@b35]. The CNT mixture was created by sonicating a physiological saline solution containing 0.1 vol% Tween 80 and 3 mg/mL MWCNTs for 30 min by ultrasonic dispersion; the reference mixture was created from carbon black (3 mg/mL) using the same procedure. A positive control solution with known tissue toxicity was prepared by mixing MNU (Wako, Osaka, Japan) with Tween 80 to obtain a 3 mg/mL solution.

Carcinogenicity study using transgenic rasH2 mice
-------------------------------------------------

CNT safety was examined by analyses involving subcutaneous implantation in rasH2 mice (CLEA Japan, Tokyo, Japan), which express the c-Ha-ras proto-oncogene derived from humans. Test substances were implanted when the mice were 6 weeks old, and tumor onset was evaluated after 26 weeks (at 32 weeks of age) to predict the carcinogenicity of these substances in humans. This test period was chosen because rasH2 mice seldom develop spontaneous tumors until they are 34 weeks old[@b27].

Six-week-old male rasH2 mice were anesthetized using diethyl ether, and 550 μL of CNT mixture (approximately 75 mg/kg) was injected into the subcutaneous tissue of the back of each mouse using a 1-mL syringe and a 26 G needle (CNT group). The carbon black, solvent, and MNU groups were injected with the corresponding substances by using the same procedure. Each group consisted of 10 rasH2 mice (total 40), and all the mice were weighed once every week during the survival period, except at 10 and 20 weeks, when no and incorrect measurement was performed, respectively. Mice were euthanized after 26 weeks and dissected. Subjects that died or were euthanized because of extreme weakness before 26 weeks were dissected at the time of death.

All the mice in the CNT group and solvent group were alive at 26 weeks after receiving the injection. In the carbon black group, 1 mouse died at 22 weeks, while the 9 remaining mice survived until 26 weeks. In the MNU group, 1 mouse each died at 12, 14, 17, and 21 weeks following injection, while the remaining 6 mice were alive at 26 weeks ([Fig. 1a](#f1){ref-type="fig"}). Statistically significant differences in survival were observed between the MNU and CNT groups, and between the MNU and control groups (p = 0.029406 for both comparisons). When weight change during the study period was examined, the CNT group, carbon black group, and solvent group showed similar changes, while the 4 mice that died prior to the end of the study in the MNU group showed rapid decrease in weight from several weeks before the death. ([Fig. 1b](#f1){ref-type="fig"}).

Histological examination showed a mass in the spleen of 1 mouse from the CNT group; however, it was histologically shown to be an inflammatory pseudotumor ([Fig. 2a](#f2){ref-type="fig"}). The single mouse that died prior to 26 weeks in the carbon black group did not show any neoplasms, and the cause of death was unknown. Of the 9 surviving mice, 1 had a hemangioma in the spleen, while 1 other mouse was found to have a neoplasm in the lung, which was histologically judged to be an adenoma ([Fig. 2b](#f2){ref-type="fig"}). None of the mice in the solvent group were found to have onset of neoplasm in any organ. In contrast, all 10 mice in the MNU group developed neoplasms, including forestomach tumors, papillomas of the skin (face, thigh, and injection site), and perineal tumors in 10, 6, and 5 mice, respectively. In addition, a lung adenoma was observed in 1 mouse, and 2 mice were found to have malignant lymphoma ([Fig. 2c](#f2){ref-type="fig"}). Abnormal growth of squamous cells was histologically shown in all the mice in the MNU group.

Spleen tumors from 1 mouse from each of the CB and CNT groups were also examined by immunostaining for factor VIII, and were diagnosed as a hemangioma and inflammatory pseudotumor, respectively ([Fig. 3](#f3){ref-type="fig"}). The type and frequency of neoplasms in each group are shown in [Table 1](#t1){ref-type="table"}. A significantly larger number of papillomas were observed in the forestomach and perineal in the MNU group compared to the other groups (significant differences at p = 0.00000541250 and p = .016254, respectively).

No neoplasms were detected at the injection sites in the CNT group and macrophage-phagocytosed CNTs were observed; furthermore, inflammatory cells such as neutrophils and lymphocytes were not detected in the surrounding tissues ([Fig. 4a](#f4){ref-type="fig"}). Similarly, neoplasms were not observed at the injection sites in the carbon black group, and images of macrophages taken after they had phagocytosed carbon black particles were similar to those for the CNT group ([Fig. 4b](#f4){ref-type="fig"}). The injection site did not show any change in the solvent group, although a skin tumor was observed at the injection site of 2 mice from the MNU group, which was determined to be a squamous cell tumor upon analysis of a tissue image ([Fig. 4c](#f4){ref-type="fig"}).

Discussion
==========

Although some studies examining the safety of CNTs as a biomaterial have been published, the evaluation of these results is difficult, and different results have been reported for the same type of safety test[@b37][@b38][@b39][@b40]. The biggest reason for such discrepancy is the lack of a nanoparticle that has established biological safety and is suitable for use as a reference material[@b26]. Similar to CNTs, which are nanosized carbon particles, tattoo ink is made up of nanosized carbon black particles, and is long known to be safe for use in the human body. In 2011, we therefore reported that black tattoo ink (carbon black) could be an optimal reference material for evaluating the safety of CNTs[@b35]. While some studies that used carbon black particles as a negative control for CNTs had been published before our report, the researchers in those studies chose carbon black particles arbitrarily[@b41][@b42][@b43][@b44][@b45]. As there are numerous types and grades of carbon black available, a standard for its use as a control should be established. We therefore proposed that the optimal standard carbon black should have a carbon purity of ≥99.5% and a particle size of 30--50 nm, similar to that used in tattoo ink[@b35]. This carbon black and CNTs are both made of highly pure carbon, which allows comparisons at similar weights and enables the quantitative evaluation of CNT safety for use as a biomaterial. While our previous study found that the toxicity of CNTs is comparable to that of the carbon black used in tattoos in an in vivo implantation study, cytotoxicity study, and cytokine production assay of CNTs[@b35], this is the first study to use carbon black as a reference material to examine the subcutaneous implantation of CNTs in test animals susceptible to cancer.

The rasH2 mice used in this study express the human-derived c-H-ras proto-oncogene, which causes them to spontaneously develop multiorgan tumors after approximately 35 weeks of age, leading to death. However, these mice seldom develop tumors before 34 weeks of age, and carcinogenicity tests can be performed until then. As this particular characteristic can reduce the test time, work load, and cost of such studies, and the sensitivity of evaluation is high, rasH2 mice are mainly used to evaluate the carcinogenicity of chemical substances that are used in humans[@b46]. This rasH2 mouse model is approved as a test animal for new drug applications by regulatory authorities such as the Food and Drug Administration in the USA, the Committee for Proprietary Medicinal Products in the EU, and the Ministry of Health, Labour and Welfare in Japan. The company that developed these mice is maintaining this strain in order to preserve study accuracy, so that highly reproducible evaluations can be achieved[@b47][@b48]. Although their application in carcinogenesis tests for solid implants of biomaterials has only begun in recent years, such as in tests for the potential carcinogenicity of IC tags[@b36][@b48][@b49][@b50], the implantation test of CNTs in rasH2 mice reported here is the first to evaluate nanosized particles.

All 10 positive control mice injected with MNU developed neoplasms in 26 weeks, with 4 mice dying prior to the end of the study. In contrast, none of the mice in the CNTs group died; instead, tissue examination of the CNT group mice after dissection showed an inflammatory pseudotumor in only 1 mouse, and neoplasm was not observed in any mouse. The survival rate was significantly different between the MNU and CNT groups. Because the amount of test substance used in this study, i.e., 75 mg/kg, was remarkably higher than that used in conventional mouse implantation tests[@b37][@b38][@b39][@b40], and the mice used have higher sensitivity to carcinogenicity, we judged that it was not necessary to perform the test with a higher density when neoplasm was not observed. In the carbon black group, a hemangioma in the spleen and neoplasm in the lung of 1 mouse each were also observed. The results from this initial subcutaneous implantation test of carcinogenicity involving transgenic mice with higher susceptibility to cancer have therefore shown that CNTs do not induce the formation of neoplasms, as the carcinogenicity was lower than that of the carbon black used in tattoo ink.

During the majority of carcinogenesis, there is a complex relationship between factors such as the accumulation of mutations, DNA disorders, and chemical changes in nucleotides. Because the occurrence of tumors in transgenic mice such as rasH2 mice is influenced by both mutated oncogenes and mutated antioncogenes, studies using rasH2 mice can evaluate only the result of the complex process of carcinogenesis[@b35]. In contrast, genotoxicity tests can evaluate the carcinogenicity of a material for individual parameters, thereby allowing evaluation to be performed relatively easily and the ISO10993 series requires that multiple types of tests be performed[@b31]. Typical genotoxicity tests include bacterial reverse mutation assays (Ames test), micronucleus assays, and Comet assays. CNTs have already been tested using such methods to examine carcinogenicity following inhalation[@b51][@b52][@b53]. These genotoxicity tests are also important for the evaluation of carcinogenicity with regard to the application of CNTs as biomaterials, and while many previous reports have found that CNTs have no genotoxicity, some have reported differing results, and no consensus has been achieved[@b38][@b54]. This discrepancy may result from differences in test conditions, sample size, and evaluation method, although the most important cause is the absence of a suitable reference material[@b26]. As shown in this study, carbon black---similar to that used for tattoo ink---is an appropriate reference material for future studies. The carcinogenicity of CNTs when used as a biomaterial can be further clarified by comprehensive evaluations of the results of genotoxicity tests and implantation tests such as the one performed in this study.

This study is the first to evaluate the carcinogenicity of CNTs as a biomaterial using transgenic rasH2 mice that overexpress the rasH2 oncogene and are highly sensitive to carcinogenesis. Although CNTs showed no carcinogenicity in this study and had lower carcinogenicity than the reference material, it cannot be completely ruled out on the basis of these results alone. A larger number of carcinogenicity studies comparing the results for CNTs to those for reference materials with established biological safety, such as the carbon black used in this study, should be performed. Results from various genotoxicity studies and studies using test animals susceptive to cancer should also be comprehensively evaluated to judge the carcinogenicity of CNTs. The completion of studies that use CNTs as a biomaterial is expected to result in progress in various important medical fields, including cancer treatment, regenerative medicine, and the development of drug delivery systems.

Methods
=======

Reference material
------------------

The shape of precipitated solid contents obtained by drying commercially available black tattoo ink (Sumi-Black; Unique Tattoos, Subiaco, Australia) was determined by scanning electron microscopy (JSM-7000F and JED-2300, JEOL, Tokyo, Japan) to be nearly uniform, with a diameter of 30--50 nm ([Fig. S1a](#s1){ref-type="supplementary-material"}). Elemental and compositional analyses performed using energy dispersive x-ray spectroscopy showed that the tattoo ink particles contained 99.57 wt% C and 0.43 wt% Na, with no other element being detected. Comparative Raman studies (R-XN1-532, Kaiser, Ann Arbor, MI) on the tattoo ink particles were performed using the industrial general carbon black (Vulcan XC 72, Cabot, Boston, MA), which is used as a filler for rubber products, as a control. The tattoo ink particles showed a Raman feature similar to that of the general carbon black, where the G band at 1582 cm^−1^ originated from the E~2g2~ graphite mode and the D band at 1360 cm^−1^ was a defect-induced mode ([Fig. S1b](#s1){ref-type="supplementary-material"}). The R values (defined as the integrated intensity of the D band divided by the intensity of the G band) for the tattoo ink particles and general carbon black were comparable. Observation by transmission electron microscope (JEM-2010, JEOL) revealed that the morphologies of the tattoo ink particles were almost the same as that for general carbon black ([Fig. S1c](#s1){ref-type="supplementary-material"}).

Carcinogenicity study
---------------------

Visual inspection of tumor onset in transgenic rasH2 mice was performed during dissection. Each organ was fixed separately, embedded, and cut into thin sections before being stained with hematoxylin and eosin; subsequently, they were placed on a slide and observed using an optical microscope.

As the diagnosis of hemangioma by hematoxylin and eosin staining was difficult in the spleen tissue, vascular endothelial cells were also immunostained for Factor VIII. Two toxicologic pathology specialists diagnosed the tumor in accordance with a globally recognized text of pathological tumor diagnosis in mice (International classification of rodent tumors; the mouse. Editor: Ulrich Mohr. WHO International Agency for Research on Cancer. Springer--Verlag Berlin Heiderberg 2001).

All animal experimentation procedures were performed in compliance with the guidelines of the institutional animal care committee of Shinshu University and the experiments were approved by the committee.

Statistical analysis
--------------------

Survival rates were calculated using the Kaplan-Meier method and tested by the log-rank test. The tumor occurrence was tested by Fisher\'s direct method. All statistical analyses were performed using statistical software (Statcel, OMS, Tokorozawa, Japan), and p values of less than 0.05 were considered significant.
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![Survival rate and change in the weights of the transgenic rasH2 mice.\
(a) Survival rate: All the mice in the CNT group and solvent group were alive at 26 weeks after injection. In the carbon black group, 1 mouse died at 22 weeks, and the remaining 9 mice were alive at 26 weeks. In the MNU group, 1 mouse died at each of 12, 14, 17, and 21 weeks following the injection, and the remaining 6 mice were alive at 26 weeks. The survival rate was statistically different between the MNU and CNT groups, and between the MNU and control groups (p = 0.029406 for both comparisons). (b) Weight change in mice: The CNT group, carbon black group, and solvent group showed similar weight change, while the 4 mice in MNU group that died before the end of the study period showed rapid decrease in weight from several weeks before death.](srep00498-f1){#f1}

![Tissue images of masses that developed in the rasH2 mice.\
(a) A mass was observed in the spleen of 1 mouse from the CNT group, but it was found to be an inflammatory pseudotumor and not a neoplasm. (b) One mouse from the carbon black group was alive at the 26th week and was found to have developed a neoplasm in the lung, which was diagnosed as an adenoma. (c) All 10 mice in the MNU group developed forestomach tumors, with abnormal growth of squamous cells (left upper panel). Papillomas of skin were observed in 6 mice (right upper panel). Perineal tumors were found to have developed in 5 mice (left lower panel), while 2 mice developed malignant lymphoma (right lower panel). Hematoxylin-eosin staining. Scale bar: 100 μm.](srep00498-f2){#f2}

![Immunostaining of the spleen tissue for Factor VIII.\
(a) Hemangioma was diagnosed in the spleen of a mouse from the carbon black group. Immunostaining revealed vascular endothelial-like cells stained in dark brown. Atypical nucleus was not observed. (b) Inflammatory pseudotumor was diagnosed in the spleen of a mouse from the CNT group. Few cells were stained. Scale bar: 100 mm.](srep00498-f3){#f3}

![Images of the skin and subcutaneous tissue at the injection site of rasH2 mice, at 26 weeks after injection with a CNT, carbon black, or MNU test substance.\
(a) None of the mice in the CNT group developed neoplasms, and macrophages accumulated after phagocytosing CNT particles. Inflammatory cells such as neutrophils and lymphocytes were not observed in the surrounding tissues. (b) In the carbon black group, macrophages were similarly found to have phagocytosed carbon black particles, and no neoplasms were observed. (c) In the MNU group, a skin tumor was detected at the injection site of 2 mice, which was found to be a squamous cell tumor. Arrow: CNTs, Arrowhead: carbon black. Hematoxylin-eosin staining. Scale bar: 100 μm.](srep00498-f4){#f4}

###### Incidence of neoplastic changes in resH2 mice following injection with a CNT, carbon black, solvent, or MNU test substance

                                                     [control]{.ul}   [carbon black]{.ul}   [CNT]{.ul}             [MNU]{.ul}
  ---------------------- -------------------------- ---------------- --------------------- ------------ ---------------------------------
  Skin (back area)               Papilloma                 0                   0                0                       2
                              Keratoacanthoma              0                   0                0                       0
  Skin (face)                    Papilloma                 0                   0                0                       3
                              Keratoacanthoma              0                   0                0                       0
  Skin (thigh)                   Papilloma                 0                   0                0                       1
                              Keratoacanthoma              0                   0                0                       0
  Spleen                  Inflammatory pseudotumor         0                   0                1                       0
                                 Hemangioma                0                   1                0                       0
  Hematopoietic system       Malignant lymphoma            0                   0                0                       2
                             Epithelial thymoma            0                   0                0                       0
  Kidneys                        Hemangioma                0                   0                0                       0
  Pancreas                       Hemangioma                0                   0                0                       0
  Lungs                        Adenocarcinoma              0                   0                0                       0
                                  Adenoma                  0                   1                0                       1
                                 Hemangioma                0                   0                0                       0
  Forestomach                    Papilloma                 0                   0                0        10[\*](#t1-fn1){ref-type="fn"}
                              Basal cell tumor             0                   0                0                       0
                          Squamous cell carcinoma          0                   0                0                       0
  Perineal                       Papilloma                 0                   0                0        5[\*\*](#t1-fn1){ref-type="fn"}

\*,\*\*: significant differences at p = 0.0000054125 and p = 0.016254, respectively (Fisher\'s direct method).
